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A review is given of advanes in the eld of arrier-ontrolled ferromagnetism in Mn-based diluted
magneti semiondutors and their nanostrutures. Experimental results for III-V materials, where
the Mn atoms introdue both spins and holes, are ompared to the ase of II-VI ompounds, in
whih the Curie temperatures T
C
above 1 K have been observed for the uniformly and modulation-
doped p-type strutures but not in the ase of n-type lms. The experiments demonstrating the
tunability of T
C
by light and eletri eld are presented. The tailoring of domain strutures and
magneti anisotropy by strain engineering and onnement is disussed emphasizing the role of the
spin-orbit oupling in the valene band. The question of designing modulated magneti strutures in
low dimensional semiondutor systems is addressed. Reent progress in searh for semiondutors
with T
C
above room temperature is presented.
PACS numbers: 75.50.Pp
Over the reent years spin eletronis (spintronis)
has emerged as an interdisiplinary eld of nanosiene,
whose main goal is to aquire knowledge on spin-
dependent phenomena, and to exploit them for new fun-
tionalities [1℄. One of the relevant issues is to develop
methods suitable for manipulations with the magnetiza-
tion magnitude and diretion as well as with the spin
urrents, whih will ultimately lead to a ontrol over
the individual spins in solid state environment. Today's
spintroni researh involves virtually all material fami-
lies, the most mature being studies on magneti metal
multilayers, in whih spin-dependent sattering and tun-
nelling are being suessfully applied in reading heads
of high density hard-diss and in magneti random a-
ess memories (MRAM). However, partiularly interest-
ing appear to be ferromagneti semiondutors, whih
ombine omplementary funtionalities of ferromagneti
and semiondutor material systems. For instane, it an
be expeted that powerful methods developed to ontrol
the arrier onentration and spin polarization in semi-
ondutor quantum strutures ould serve to tailor the
magnitude and orientation of magnetization produed by
the spins loalized on the magneti ions. Furthermore,
there is a growing amount of evidenes that ferromag-
neti semiondutors are the materials of hoie for the
development of funtional spin injetors, aligners, lters,
and detetors. In addition of onsisting the important in-
gredient of power-sawing spin transistors, spin injetion
an serve as a tool for fast modulation of light polariza-
tion in semiondutors lasers.
Already early studies of Cr spinels as well as of rok-
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salt Eu- [2℄ and Mn-based [3℄ halogenides led to the
observation of a number of outstanding phenomena asso-
iated with the interplay between ferromagnetive oop-
erative phenomena and semionduting properties. The
disovery of the arrier-indued ferromagnetism in Mn-
based zin-blende III-V ompounds [4, 5℄, followed by
the predition [6℄ and observation of ferromagnetism in
p-type II-VI materials [7, 8℄ allows one to explore the
physis of previously not available ombinations of quan-
tum strutures and magnetism in semiondutors [9℄.
These aspets of ferromagneti semiondutors will be
presented here together with a desription of models aim-
ing at explaining the nature of ferromagnetism in these
materials. This survey has been prepared on the basis
of reent review papers on ferromagneti semiondutors
[10, 11℄, updated with some latest ndings in this eld.
We limit ourselves only to Mn-based ferromagneti semi-
ondutors originating from zin-blende family of diluted
magneti semiondutors (DMS). Other magneti semi-
ondutors like manganites, halogenides, and spinels,
exhibiting dierent magneti oupling mehanisms and
band strutures, are not disussed here.
MN IMPURITY IN II-VI AND III-V
SEMICONDUCTORS
Substitutional Mn
It is well established that substitutional Mn is divalent
in II-VI ompounds, and assumes the high spin d
5
on-
guration haraterized by S = 5/2 and g = 2.0. Here,
Mn ions neither introdue nor bind arriers, but give rise
to the presene of the loalized spins whih are oupled
to the eetive mass eletrons by a strong symmetry al-
lowed p-d kineti exhange and by a weaker s-d poten-
tial exhange [12℄. In III-V ompounds, in turn, the Mn
2atom, when substituting a trivalent metal, may assume
either of two ongurations: (i) d
4
or (ii) d
5
plus a weakly
bound hole, d
5
+h. It is now ommonly aepted that the
Mn impurities at as eetive mass aeptors (d
5
+h) in
the ase of antimonides and arsenides, so that they sup-
ply both loalized spins and holes, a piture supported
by MCD [13℄ and EPR [14℄ measurements. Just like
in other doped semiondutors, if the average distane
between the Mn aeptors beomes smaller than 2.5aB,
where aB is the aeptor Bohr radius, the Anderson-Mott
insulator-to-metal transition ours. However, a strong
p-d antiferromagneti interation between the Mn and
hole spin enhanes strongly the aeptor binding energy
and redues aB. It has been postulated [15℄ that ow-
ing to the large p-d interation, the eet is partiularly
strong in nitrides, and may lead to the formation of a
middle-gap small d
5
+h polaron state, reminisent of the
Zhang-Rie singlet in high temperature superondutors.
Interstitial Mn
Another important onsequene of eletrial ativity of
Mn in III-V ompounds is the eet of self-ompensation.
In the ase of (Ga,Mn)As, it aounts presumably for
the upper limits of both hole onentration and substi-
tutional Mn onentration [16℄. Aording to RBS and
PIXIE experiments [16℄, an inrease in the Mn onen-
tration not only results in the formation of MnAs pre-
ipitates [17℄ but also in the oupation by Mn of inter-
stitial positions, MnI . Sine the latter is a double donor
in GaAs [18℄, its formation is triggered by lowering of
the system energy due to removal of the holes from the
Fermi level. This senario explains the reentrane of the
insulator phase for large Mn onentrations [19℄ as well
as a strong inuene of (Ga,Mn)As properties upon an-
nealing at temperatures muh lower than those aeting
other possible ompensators, suh as As antisites, AsGa.
Importantly, a symmetry analysis demonstrates that the
hybridization between bands and d-states of MnI is weak,
whih implies a substantial derease of the sp-d exhange
interation one Mn assumes an interstitial position [20℄.
ZENER MODEL OF CARRIER-MEDIATED
FERROMAGNETISM
For low arrier densities, II-VI DMS are paramagneti
but neighbor Mn-Mn pairs are antiferromagnetially ou-
pled or even bloked owing to short-range superexhange
interations. However, this antiferromagneti oupling
an be overompensated by ferromagneti interations
mediated by band holes [6, 7, 8℄. In the presene of band
arriers, the elebrated Ruderman-Kittel-Kasuya-Yosida
(RKKY) mehanism of the spin-spin exhange intera-
tion operates. In the ontext of III-V magneti semion-
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FIG. 1: Ferromagneti Curie temperature normalized by the
Mn onentration in epilayers of p-type (Zn,Mn)Te [8, 23℄
and (Ga,Mn)As [19, 24, 25, 26℄ as well as in modulation-
doped p-type (Cd,Mn)Te [7, 27℄. Points and lines represent
experimental and theoretial results, respetively
dutors, this mehanism was rst disussed by Gummih
and da Cunha Lima [21℄, and then applied to a variety
of III-V and II-VI Mn-based layered strutures [22℄.
It has been shown [6℄ that on the level of the mean-
eld and ontinuous medium approximations, the RKKY
approah is equivalent to the Zener model. In terms of
the latter, the equilibrium magnetization, and thus T
C
is
determined by minimizing the Ginzburg-Landau free en-
ergy funtional F [M(r)] of the system, whereM(r) is the
loal magnetization of the loalized spins [25, 26℄. This
is a rather versatile approah, to whih arrier orrela-
tion, onnement, k · p, and spin-orbit ouplings as well
as weak disorder and antiferromagneti interations an
be introdued in a ontrolled way, and within whih the
quantitative omparison of experimental and theoretial
results is possible [8, 26℄. As shown in Fig. 1, theoret-
ial alulations [8, 26℄, arried out with no adjustable
parameters, explain satisfatory the magnitude of T
C
in
both (Zn,Mn)Te [8℄ and (Ga,Mn)As [19, 24℄. A similar
onlusion has been reahed by analyzing T
C
in a series
of annealed samples [28℄, in whih T
C
reahes presently
160 K [29, 30, 31℄. In the model, the hole ontribution to
F is omputed by diagonalizing the 6×6 Kohn-Luttinger
k·pmatrix ontaining the p-d exhange ontribution, and
by a subsequent omputation of the partition funtion Z,
Fc = kBT lnZ. The model is developed for p-type zin-
blende and wurzite semiondutors and allows for the
presene of both biaxial strain and quantizing magneti
eld. The enhanement of the tendeny towards ferro-
magnetism by the arrier-arrier exhange interations
is desribed in the spirit of the Fermi liquid theory. Im-
portantly, by evaluating Fc(q), the magneti stiness an
be determined, whih together with magneti anisotropy,
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FIG. 2: Computed degree of spin polarization of the hole liq-
uid as a funtion of the spin splitting parameter for various
hole onentrations in Ga1−xMnxAs (BG = −30 meV orre-
sponds to the saturation value of Mn spin magnetization for
x = 0.05). The polarization of the hole spins is oriented in the
opposite diretion to the polarization of the Mn spins (after
Dietl et al. [26℄)
yield the dispersion of spin waves [32℄ and the struture
of magneti domains [33℄. Owing to a relatively small
magnitudes of the s-d exhange oupling and density of
states, the arrier-indued ferromagnetism is expeted [6℄
and observed only under rather restrited onditions in
n-type DMS [23, 34℄.
SPIN POLARIZATION
An important parameter that haraterizes any mag-
neti material is the degree of spin polarization of band
arriers. Aording to theoretial results [26℄ summa-
rized in Fig. 2, the expetation value of spin polarization
reahes 80% for typial values of Mn and hole onentra-
tions in (Ga,Mn)As, a predition that is being veried by
Andreev reetion.
STRAIN EFFECTS
It is well known that orbital momentum of the major-
ity hole subbands depends on strain. Hene, magneti
anisotropy (easy axis diretion) an be manipulated by
adjusting the lattie parameter of the substrate, as the
growth of DMS lms in question is usually pseudomor-
phi. Theoretial results [26℄ displayed in Fig. 3 show
how magneti anisotropy varies with the strain diretion
and the hole onentration [25, 26, 35℄. In partiular,
the rystallographi orientation of the easy axis depends
on whether the epitaxial strain is ompressive or tensile,
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FIG. 3: Computed anisotropy eld for ompressive (a) and
tensile (b) strains for various value of the hole spin splitting
parameter B
G
. The value of B
G
= 30 meV orresponds to the
saturation value of magnetization for Ga0.95Mn0.05As. The
symbol [001℄ → [100℄ means that the easy axis is along [001℄,
and the aligning external magneti eld is applied along [100℄
(after Dietl et al. [26℄)
in agreement with the pioneering experimental studies
for (In,Mn)As [36℄ and (Ga,Mn)As [37℄. However, mag-
neti anisotropy at given strain is predited to vary with
the degree of the oupation of partiular hole subbands.
This, in turn, is determined by the ratio of the valene
band exhange splitting to the Fermi energy, and thus, by
the magnitude of spontaneous magnetization, whih de-
pends on temperature. As shown in Fig. 4, the predited
temperature-indued swithing of the easy axis has re-
ently been deteted in samples with appropriately low
hole densities [38, 39℄.
DIMENSIONAL EFFECTS
It is straightforward to generalize the mean-eld
Zener model for the ase of arriers onned to the d-
dimensional spae [6, 40℄. The tendeny towards the
formation of spin-density waves in low-dimensional sys-
tems [40, 41℄ as well as possible spatial orrelation in the
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FIG. 4: Magnetization loops at 5 K (a) and 25 K (b) for
parallel (full symbols) and perpendiular (open symbols) ori-
entation of the (001) (Ga,Mn)As/GaAs epilayer with respet
to the external magneti eld. The reversed harater of the
hysteresis loops indiates the ip of the easy axis diretion
between these two temperatures (after Sawiki et al. [38℄)
distribution of the magneti ions an also be taken into
aount. The mean-eld value of the ritial tempera-
ture Tq, at whih the system undergoes the transition
to a spatially modulated state haraterized by the wave
vetor q, is given by the solution of the equation,
β2AF (q, Tq)ρs(q, Tq)
∫
dζχo(q, Tq, ζ)|φo(ζ)|
4 = 4g2µ2B.
(1)
Here q spans the d-dimensional spae, φo(ζ) is the en-
velope funtion of the arriers onned by a (3 − d)-
dimensional potential well V (ζ); g and χo denote the
Landé fator and the q-dependent magneti suseptibil-
ity of the magneti ions in the absene of the arriers, re-
spetively. Within the mean-eld approximation (MFA),
suh magnetization shape and diretion will our in the
ordered phase, for whih the orresponding Tq attains
the highest value. A ferromagneti order is expeted in
the three dimensional (3D) ase, for whih a maximum
of ρs(q) ours at q = 0.
Aording to the above model T
C
is proportional to the
density of states for spin exitations, whih is energy in-
dependent in the 2D systems. Hene, in the 2D ase, T
C
is expeted to do not vary with the arrier density, and
to be enhaned over the 3D value at low arrier densities.
Experimental results [7, 27℄ presented in Fig. 1 onrm
these expetations, though a areful analysis indiates
that disorder-indued band tailing lowers T
C
when the
Fermi energy approahes the band edge [27, 41℄. In 1D
systems, in turn, a formation of spin density waves with
q = 2kF is expeted, a predition awaiting for an exper-
imental onrmation.
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FIG. 5: Magnetization hysteresis evaluated by measurements
of the anomalous Hall eet at various gate voltages that
hanges the hole onentration in a eld-eet transistor
struture with an (In,Mn)As hannel (after Ohno et al. [43℄)
MAGNETIZATION MANIPULATIONS BY
ELECTRIC FIELD AND LIGHT
Sine magneti properties are ontrolled by the
band arriers, the powerful methods developed to
hange arrier onentration by eletri eld and light
in semiondutor strutures an be employed to al-
ter the magneti ordering. Suh tuning apabil-
ities of the materials in question were put into
the evidene in (In,Mn)As/(Al,Ga)Sb [42, 43℄ and
(Cd,Mn)Te/(Cd,Zn,Mg)Te [7, 27℄ heterostrutures, as
shown in Figs. 5 and 6. Importantly, the magnetization
swithing is isothermal and reversible. Though not inves-
tigated in detail, it is expeted that underlying proesses
are rather fast. Sine the bakground hole onentration
is small in Mn-based II-VI quantum wells, the relative
hange of the Curie temperature is typially larger than
in III-V ompounds.
SPIN INJECTION
A number of groups is involved in the development
of devies apable of injeting spins into a non-magneti
semiondutor. Obviously, owing to a high degree of spin
polarization and resistane mathing ferromagneti semi-
ondutors onstitute a natural material of hoie here
[44℄. Typially, a pin light emitting diode struture is
employed, in whih the p-type spin injeting eletrode is
made of a ferromagneti semiondutor. Experimental
results obtained for the (Ga,Mn)As/GaAs/(In,Ga)As/n-
GaAs diode are shown in Fig. 7. In this partiular experi-
ment [45℄, the degree of irular polarization is examined
for light emitted in the growth diretion. In the or-
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FIG. 6: Eet of temperature (a,,d), illumination (b) and
bias voltage Vd (,d) on photoluminesene line in quantum
well of (Cd,Mn)Te plaed in a enter of p-i-n diode (,d) and
p-i-p struture (a,b). Line splitting and shift witness the
appearane of a ferromagneti ordering that an be altered
isothermally, reversibly, and rapidly by light (b) and voltage
(,d), whih hange the hole onentration p in the quantum
well (after Boukari et al. [27℄)
responding Faraday onguration, simple seletion rules
are obeyed for radiative reombination between the ele-
tron and heavy hole ground state subbands. Sine the
easy axis is in plane, in agreement with the theoretial
results of Fig. 3, a eld of a few kOe is neessary to align
the magnetization and thus to produe a sizable degree
of light polarization.
OPTICAL AND TRANSPORT PROPERTIES
In addition to thermodynami properties disussed
above, the Zener model of ferromagnetism in materials
in question has been applied to desribe optial proper-
ties of (Ga,Mn)As in the region of interband transitions
between the exhange split valene band and the on-
dution band [13, 26℄ as well in the regime, where intra-
valene band exitations dominate [46℄. Of ourse, both
dispersion of absorption and magneti irular dihroism
are rather sensitive to disorder [13, 46℄, whose full de-
sription is diult in these heavily doped and strongly
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FIG. 7: Degree of irular polarization of light emitted by
a (In,Ga)As quantum well loated in a p-i-n diode biased in
the forward diretion and ontaining (Ga,Mn)As as the p-
type eletrode. An external magneti eld is applied along
the hard axis, that is perpendiularly to the interfae plane.
The degree of irular polarization and the (Ga,Mn)As mag-
netization depend similarly on the magneti eld and tem-
perature, whih together with the lak of photoluminesene
polarization for exitation by linearly polarized light, point
to the existene of the hole spin injetion from ferromagneti
(Ga,Mn)As to non-magneti (In,Ga)As via a non-magneti
GaAs (after Young et al. [45℄)
disordered magneti alloys. Furthermore, the so-far dis-
regarded intra-d level transitions, enhaned presumably
by the p-d hybridization, are expeted to ontribute in
the spetral range in question. Nevertheless, the main
aspets of available experimental results appear to be
orretly understood.
Reently, various aspet of d.. transport in
(Ga,Mn)As and p-(Zn,Mn)Te have been examined. In
general, a number of mehanisms by whih the sp-d ex-
hange interation between loalized and eetive mass
eletrons an aet transport phenomena have been iden-
tied [12℄. Generally speaking, these mehanisms are as-
soiated with spin-disorder sattering, spin-splitting, and
6the formation of bound magneti polarons [12, 47℄. In
the partiular ase of (Ga,Mn)As, a resistane maximum
at T
C
and the assoiated negative weak-eld magnetore-
sistane have been desribed in terms of ritial sat-
tering [12, 24℄ or by onsidering an interplay between
the magneti and eletrostati disorder [47, 48℄. Fur-
thermore, anisotropi magnetoresistane (AMR), known
already from early studies of p-(Hg,Mn)Te [50℄, has been
theoretially examined as a funtion of strain and hole
density in (Ga,Mn)As [51℄. Interestingly, it has been sug-
gested [49℄ that the well-known high-eld negative mag-
netoresistane of (Ga,Mn)As is atually an orbital weak
loalization eet, whih is not destroyed by spin sat-
tering owing to large spin splitting of the valene band.
Finally, arguments have been presented [52℄ that owing
to a relatively high resistane, the side-jump mmeha-
nism of the anomalous Hall dominates, and its alulation
with the appropriate Kohn-Luttinger amplitudes and by
negleting entirely the disorder gives a orret sign and
amplitude of the Hall oeient in both (Ga,Mn)As [52℄
and p-(Zn,Mn)Te [49℄.
TOWARDS FUNCTIONAL FERROMAGNETIC
SEMICONDUCTORS
In view of the promising properties of ferromagneti
semiondutors, the development of a funtional material
with T
C
omfortably surpassing the room temperature,
beomes an important hallenge of today's materials si-
ene. A onentrated eort in this diretion, stimulated
by theoretial results [25, 26℄ realled in Fig. 8 and on-
rmed by others [53, 54℄, suggests that there is no fun-
damental limits preluding the ahievement of this goal.
However, beause of limited solubility of magneti impu-
rities in funtional semiondutors, searh for perspetive
ompounds must be aompanied by a areful ontrol
and detetion of possible ferromagneti or ferrimagneti
preipitates and inlusions, typially with the sensitivity
greater than that provided by standard x-ray diration.
It is then useful to formulate some experimental riteria
that should be fullled in order to all a given material a
ferromagneti semiondutor. First, magneti harater-
istis should sale with the onentration of the magneti
onstituent and also with the arrier density (whih an
be varied not only by doping but also by other means
suh as an eletri led or light). Furthermore, there
should be a relation between temperature and eld de-
pendene of semiondutor and magneti properties. In
partiular, the anomalous Hall eet, spin-dependent re-
sistane, and magneti irular dihroism together with
the spin injetion apability are the well known signature
of a ferromagneti semiondutor.
In the above ontext, partiularly remarkable is a su-
essful synthesis by the NRL group [55℄ of a new ferro-
magneti semiondutor Ge1−xMnx. The epitaxial lms
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C
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FIG. 8: Computed Curie temperature for various materials
ontaining 5% Mn per unit ell and 3.5× 1020 holes per m3
(after Dietl et al. [25, 26℄)
of this material are shown to onsist of (i) preipitates,
whose size, omposition, and magneti properties de-
pend on the growth temperature and (ii) a homogenous
p-type matrix Ge1−xMnx, whose TC inreases approx-
imately linearly with x, as shown in Fig. 9. These
ndings are also ompared with the outome of the-
ory developed within the loal spin-density approxima-
tion (LSDA) [55℄ and with the results determined from
the Zener model of the hole-mediated ferromagnetism in
tetrahedrally oordinated semiondutors, put forward a
priori for Ge1−xMnx [25, 26℄. As seen, this ompari-
son indiates that the LSDA overestimates onsiderably
the magnitude of T
C
, while the Zener model, despite the
proximity of the metal-insulator transition, provides a
reasonable evaluation of T
C
for the assumed degree of
ompensation.
There is a remarkable parallel eort aiming at syn-
thesizing other promising ferromagneti semiondutors.
Limited ourselves to Mn-based III-V systems we an
mention works demonstrating indiations of high temper-
ature ferromagnetism in (Ga,Mn)P [56℄ and (Ga,Mn)N
[57, 58℄ though whether the ferromagnetism in these ma-
terials fullled the riteria speied above is under a vig-
orous debate [59, 60℄.
CONCLUSION
With no doubt reent years have witness a remark-
able progress in the development of new material sys-
tems, whih show novel apabilities, suh as the manip-
ulation of ferromagnetism by the eletri eld. At the
same time, arrier-ontrolled ferromagneti semiondu-
tors ombine intriate properties of harge-transfer insu-
lators and strongly orrelated disordered metals with the
physis of defet and band states in semiondutors. A-
ordingly, despite important advanes in theory of these
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FIG. 9: Curie temperature in Ge1−xMnx. Experimental re-
sults and LSDA theory are shown by points and dashed-
dotted line respetively (after Joker et al. [55℄). Solid line
depits the expetations of the Zener model [25, 26℄ assuming
the hole onentration p = 3.5 × 1020 [m−3]x/0.025
materials, quantitative understanding of these systems
will be ahead for a long time.
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